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Abstract: A high power factor and low lattice thermal con-
ductivity are two essential ingredients of highly efficient ther-
moelectric materials. Although monolayers of transition metal
dichalcogenides possess high power factors, high lattice thermal
conductivities significantly impede their practical applications.
Our first-principles calculations show that these two ingredients
are well fulfilled in the recently synthesized Pd2Se3 monolayer,
whose crystal structure is composed of [Se2]
2− dimers, Se2−
anions, and Pd2+ cations coordinated in a square planar man-
ner. Our detailed analysis of third-order interatomic force con-
stants reveals that the anharmonicity and soft phonon modes
associated with [Se2]
2− dimers lead to ultra-low lattice thermal
conductivities in Pd2Se3 monolayers (1.5 and 2.9 Wm
−1K−1
along the a- and b-axes at 300 K respectively), which are
comparable to those of high-performance bulk thermoelec-
tric materials such as PbTe. Moreover, the “pudding-mold”
type band structure, caused by Pd2+ (d8) cations coordinated
in a square planar crystal field, leads to high power factors
in Pd2Se3 monolayers. Consequently, both electron and hole
doped thermoelectric materials with a considerably high zT can
be achieved at moderate carrier concentrations, suggesting that
Pd2Se3 is a promising two-dimensional thermoelectric material.
KEYWORDS: Pd2Se3 monolayer, thermoelectric, ultralow
lattice thermal conductivity, pudding-mold band
Thermoelectric (TE) materials enable an environmen-tally friendly solution for direct and reversible con-
version between heat and electricity. This two-way pro-
cess has found increasing technological applications, such
as solid-state refrigerators,1 flat-panel solar thermoelectric
generators,2 space power, and recovery of waste heat.1 Nev-
ertheless, for a widespread use of TE materials, their effi-
ciencies need to be significantly improved.3 The efficiency
of TE materials is indexed by the dimensionless figure of
merit zT = S2σ T/(κe + κL), where σ is electrical conduc-
tivity, S is thermopower or Seebeck coefficient, T is abso-
lute temperature, κe and κL are respectively electrical and
lattice thermal conductivities; S2σ is usually called power-
factor (PF). An effective approach to improve zT is to re-
duce κL, either by searching for materials with intrinsically
strong anharmonicity, or by enhancing phonon scattering
by phonon engineering,4 e.g., nanostructuring.5–8 Likewise,
another strategy is to enhance the PF by band structure
engineering9–11 or finding a material with a desirable elec-
tronic structure, such as small band effective mass and high
valley degeneracy,9 or the flat-and-dispersive band struc-
ture12,13 (or pudding-mold band).12–16 In general, improv-
ing the electronic part (i.e., S, κe, and σ) is challenging: S
and σ are generaly inversely related17 and κe is proportional
to σ (Wiedemann-Franz law). Therefore, improving the PF
requires the tuning of three conflicting parameters, making
the optimization of zT an extremely difficult task.
Alternatively, early theoretical work by Dresselhaus et
al.18–20 and subsequent experimental work21–26 suggest
that reducing the dimensionality of materials could signif-
icantly enhance zT . The quantum confinement effect in
low dimensional materials significantly increases the den-
sity of electronic states, thus increasing PF, and their inter-
faces/surfaces can effectively scatter heat carrying phonons
and thus suppressing κL. In fact, a simultaneous increase of
S and reduction of κL has been observed in one-dimensional
semiconducting materials (Bi2Te3 nanowires
24) and many
two-dimensional (2D) semiconductors, such as phosphorene
monolayers,25 silicene,26 and germanene.26
In this context, transition-metal chalcogenide monolay-
ers with nonzero band gaps have been intensively studied as
promising candidates for 2D TE applications.27–43 In partic-
ular, transition-metal dichalcogenides (TMDCs) have been
the focus of recent studies due to their large S.30–32 A previ-
ous study30 found a remarkable enhancement of S in MoS2
monolayers (30 mVK−1) relative to the bulk phase (∼ 7
mVK−1). Despite improving S, a sizable zT has not been
yet realized in TMDCs owing to their high κL
27–29,44 rooted
in the covalent nature of bond between transition metal and
chalcogenide atoms.45,46 The calculated κL of MoS2, MoSe2
and WSe2, based on density functional theory (DFT), at 300
K are respectively 140, 80 and 40 Wm−1K−1,28 which are
in good agreement with the measured κL.
Transition-metal tri-chalcogenide (TMTCs) monolay-
ers47–49 usually offer more complex atomic configurations
and therefore more tortuous phonon paths43 by incorpo-
rating both X2−2 dimers and X
2− (X=S and Se) anions in
their crystal structures. For instance, the κL of TiS3
43 at
300 K (∼ 10 Wm−1K−1) is much lower than that of WSe2
(40 Wm−1K−1), even though both Ti and S atoms have
much smaller atomic masses than W and Se. Nevertheless,
such complex crystal structures are scarce in monolayers.
Recently, Lin et. al.50 successfully synthesized a novel semi-
conducting Pd2Se3 monolayer with a unique crystal struc-
ture. The Pd2Se3 monolayer was synthesized by the fusion
of two monolayers of PdS2, though no Pd2Se3 bulk com-
pound is yet reported. Due to the complex crystal structure
([Se2]
2− and Se2−) and a large void in the monolayer, which
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Figure 1. (a)–(f) Different views of monolayer Pd2Se3 structure.
The square planar units are highlighted in orange.
is also not common among 2D materials, Pd2Se3 monolayers
are expected to have a low κL. Moreover, the presence of
pudding-mold type band structure12–15 could lead to a high
PF in the Pd2Se3 monolayer.
In this work, we use first-principles DFT band structure,
anharmonic phonon calculations, and Boltzmann transport
theory,51 to provide a comprehensive study on the electronic
and phonon transport properties of the Pd2Se3 monolayer.
Our results show that Pd2Se3 monolayers have much lower
κL and higher PF than all the previously reported transition-
metal dichalcogenides28 and trichalcogenides,43 and thus
possesses an overall better TE performance.
All the DFT calculations were performed using the
projector-augmented wave (PAW) method52,53 as im-
plemented in the Vienna Ab-initio Simulation Package
(VASP).54,55 A plane wave basis set with energy cutoff
of 350 eV and the generalized gradient approximation
of Perdew-Burke-Ernzerhof (PBE)56 to the exchange-
correlation functional were used. A 12 × 12 × 1 k-mesh
is used to sample the first Brillouin zone. All structures
were fully relaxed with respect to lattice vectors and atomic
positions until the forces on each atom are less than 0.1 meV
A˚−1. We found that the spin-orbit coupling (SOC) does not
alter the dispersion of energy levels close to the Fermi level
(see Figure S3) and therefore SOC was not included in our
calculations. Electrical transport properties, i.e., S, σ and
κe, were calculated using the Boltzmann transport theory
within the constant relaxation time approximation as imple-
mented in BoltzTrap.57 The reciprocal space was sampled
with a dense k-grid of 38×38×1, to enable accurate Fourier
interpolation of the Kohn-Sham eigenvalues. The κe was
calculated using the Wiedemann-Franz law (κe = LσT ) with
L = 2.45 × 10−8 WΩK−2. Using the ShengBTE code,58–60
the κL is computed by solving the Boltzmann transport
equation of phonons with the second- and third-order inter-
atomic force constants (IFCs) as input. The second-order
IFCs were calculated by the Phonopy code61 using a 6×6×1
supercell with 2 × 2 × 1 k-point sampling. A 3 × 3 × 1 su-
percell with 4 × 4 × 1 k-point sampling was used to obtain
third-order IFCs uing ShengBTE code.58–60 A well-converged
q-mesh (30 × 30 × 1) was used to calculate κL and related
phonon properties.
Experimentally, Pd2Se3 monolayers have been synthesized
by interlayer fusion of two defective PdSe2 layers.
50 The
monolayer is stable when exposed to air and at elevated
temperatures.50 Its crystal structure has an inversion cen-
ter with the point group of D2h (mmm) and DFT calcu-
lated lattice parameters are 6.12 and 5.95 A˚. As shown in
Figure 1, the Pd atom has a square-planar coordination
formed by [Se2]
2− and Se2−. Such a coordination geometry
is common among transition-metal complexes with the d8
electronic configuration,12,16 suggesting that the oxidation
state of Pd is 2+ in Pd2Se3. Therefore, the coexistence of
[Se2]
2− dimers and Se2− anions leads to oxidation states of
the stoichiometric compound as [Pd2+]2[Se]
2−[Se2]2−. The
formation of [Se2]
2− dimers are supported by DFT calcu-
lated electron localization function (ELF) shown in Fig-
ure 4 (e), where the attractors (red area) on the midpoint of
two selenide atoms indicate the covalent nature of bonding.
The calculated Se–Se bond length of 2.4 A˚ (see Figure 1)
is consistent with a fully oxidized two-center two-electron
[Se2]
2− dimer.62 Therefore, there are two types of Pd–Se
bonds in the Pd2Se3 monolayer: the longer Pd–Se bond
formed between Pd2+ cation and Se2− anion (2.53 A˚) and
the shorter one formed between Pd2+ and [Se2]
2− dimer
(2.45A˚). The resulting crystal structure is thus complex with
large rhombus-shape voids, as shown in Figure 1.
Slack’s theory63 reveals that four factors lead to low κL:
i) complex crystal structure, ii) high average mass, iii) weak
interatomic bonding, and iv) anharmonicity. As will be dis-
cussed later, the complex crystal structure of Pd2Se3 fea-
tures all those key characteristics, in particular, a strong
anharmonicity stemming from the [Se2]
2− dimer.
Figure 2 (a) displays the phonon dispersion of the Pd2Se3
monolayer. The frequencies of all modes are positive in the
whole Brillouin zone (BZ), implying that the Pd2Se3 mono-
layers are dynamically stable. The zone-boundary frequen-
cies along Γ–X and Γ-Y are as low as 30 and 40 cm−1. As
seen in Figure 2, the acoustic bands, which play a domi-
nant role in lattice heat transfer, have frequencies from 0
to 70 cm−1, and are mainly localized on [Se2]2− dimers and
Pd2+ cations. Although Se2− is light and its associated vi-
brations appear at high-frequency regions, the [Se2]
2− dimer
acts like a heavy atom participating in low-frequency vibra-
tion modes.
The κL for each direction (i.e., a- and b-axes) is propor-
tional to the square of the phonon group velocity along
the respective direction.65 The phonon group velocities of
Pd2Se3 for the out-of-plane acoustic (ZA), transverse acous-
tic (TA), and longitudinal acoustic (LA) modes in the long-
wavelength limit are listed in Table 1. The sound velocities
of Pd2Se3 for all the acoustic branches are lower than those
of MoS2 and TiS3,
43 suggesting a lower κL in the Pd2Se3
monolayer. On the other hand, the avoided crossing be-
tween the optical and acoustic modes is clearly seen in Fig-
ure 2 (a) along Γ–X and Γ–Y directions. The sizable gap at
the avoided crossing point indicates a high coupling strength
(hybridization) between optical and acoustic modes, which
significantly increases the phonon scattering rates and re-
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Figure 2. (a) Phonon dispersion and the density of states of
Pd2Se3 with the highlighted avoided crossing bands. The den-
sity of states indicates that low-frequency modes are mainly com-
posed of Se2 dimers and heavy Pd atoms. (b) Calculated κL of
Pd2Se3 compared to MoS2, WSe2 and TiS3 (notice that their κL
is divided to an arbitrary number to fit into the figure window).
The κL of Pd2Se3 is about 90, 27, 6 times lower than MoS2,
64
WSe2,28 and TiS3 43 respectively. The calculated κL of MoSe2,
28
which is not shown here, at T= 300 K is about 80 Wm−1K−1. The
atom projected κL (see Figure S9 in Supplementary Materials) in-
dicates that Se2 dimers and Pd atoms carry the most heat.
duces acoustic mode velocities, and thus leads to the low
κL.
For the quantitative description of κL, we use first-
principles calculations in conjunction with the self-consistent
iterative solution of the Boltzmann transport equation
(BTE) for phonons as implemented in ShengBTE.58 The cal-
culated κL as a function of temperature along the a- and
b−directions are shown in Figure 2 (b). The lattice ther-
mal conductivity along the a (κxxL ) and b-axes (κ
yy
L ) are 1.5
and 2.85 Wm−1K−1 at 300 K, respectively. They are com-
parable to those of high zT bulk materials such as PbTe,
but much lower than other TMCs monolayers such as MoS2
(140 Wm−1K−1), TiSe3 (10 Wm−1K−1), and WSe2 (42
Wm−1K−1). The calculated cumulative κL with respect to
mean free path is shown in Figure S7. The result indicates
that the κL can be further reduced by decreasing grain size
of the polycrystal; for instance, at the size of 75 nm the κxxL
and κyyL of the Pd2Se3 monolayer drop by 50%.
Table 1. Calculated group velocities of ZA, TA and LA phonons
near the Γ point for the Pd2Se3 monolayer along the a− and
b−direction compared with TiS3 and MoS2.
Monolayer Direction ZA (Km/s) TA(Km/s) LA(km/s)
Pd2Se3
x 0.51 2.25 3.12
y 0.50 2.27 3.19
TiS3
x 0.88 3.01 5.43
y 1.11 2.31 6.16
MoS2 x, y 1.40 3.96 6.47
A comparison of κL for two selenide based TMCs mono-
layers, Pd2Se3 and WSe2, is illuminating. The atomic mass
of the Pd (106.42) is much smaller than the W (183.4) and
thus one might expect a higher κL for the Pd2Se3. Never-
theless, as seen in Figure 2 the calculated κL of the Pd2Se3
monolayer is more than 20 times lower than WSe2. We next
explore the origin of this behavior.
From the cumulative κL of phonon frequency (see Fig-
ure S8 in Supplementary Materials) we see that lattice heat
transport is dominated by phonon modes with frequencies
less than 80 cm−1. In Figure 3 (a) and (b) we show the scat-
tering rates associated with these low-lying phonon modes
from three-phonon interactions, namely, the absorption (Γ+:
λ + λ′ → λ′′) and emission (Γ−:λ → λ′ + λ′′) processes.
Different colors in the scattering rates plot show the scatter-
ing magnitude of the first phonon mode (λ) induced by the
second phonon mode (λ′). In the absorption process, a low-
frequency phonon mode contributes to other low-frequency
phonon modes, giving rise to a high-frequency optical mode.
In the emission process, the phonon mode is only allowed
to decompose into a lower-frequency mode, thus restricting
the second phonon mode (λ′) in the right lower triangle.
Both processes satisfy energy and crystal-momentum con-
servation. Figure 3 (a) shows the strong scattering of acous-
tic modes through combination with low-lying optical modes
(ω ≈ 40 cm−1), which is near the avoided crossing, consist-
ing with high scattering rates due to avoided crossing bands.
Phonon modes with frequencies ranging from 40 to 70 cm−2,
as shown in Figure 3 (a) and (b), are heavily scattered in
both absorption and emission processes, indicating that the
presence of low-lying optical modes significantly enhances
overall phonon scattering rates.
To specify the role of each atom in the observed low κL,
we calculate the atom projected κL, as shown in Figure S9 in
Supplementary Materials. [Se2]
2− dimers and Pd2+ cation
are largely responsible (90% in total) for heat transport in
the Pd2Se3 monolayer, whereas the contribution of Se
2− is
negligible. We also calculate the norm of third-order IFCs
defined as Φmnl =
∂3E
∂um∂un∂ul
(E and u are the total en-
ergy and atom displacement for different atom species m,
n, and l). Since the phonon scattering rates are roughly
proportional to |Φ|2,58,66 a high absolute value of Φmnl
suggests a large anharmonicity. As shown in Figure 3 (c),
ΦSe2Se2Se2 indicates a large anharmonicity associated with
[Se2]
2− dimers, which is much higher than Pd2+ and Se2−
anions. Therefore, the low κL is a combined effect of strong
anharmonic phonon-phonon interactions and small group
velocities, stemming from the formation of [Se2]
2− dimers.
This answers the question on why Pd2Se3 has a much lower
κL than other TMCs, where such dimers do not form.
As already mentioned, in the Pd2Se3 monolayers the Pd
2+
cation has a d8 electronic configuration and a square planar
crystal field, under which d obritals split into four energy lev-
els, dxz/dyz, dz2 , dxy, and dx2+y2 from low to high energy.
On the other hand, the packing of square planar units in the
crystal lattice induces a weak interaction between the nearby
Pd2+ cations, separated by 3.06 A˚, via dz2 obritals as seen
in Figure 4 (c). This interaction switches the energy levels
of dz2 with dxy (see Figure S1 in Supplementary Materials).
Note that in the Pd2Se3 monolayers, the dz2 orbital almost
lies along the a-axis. Due to the strong crystal field split-
ting associated with square planar geometry, the low spin
state is always preferred in Pd2+. As a result, the four low-
energy levels are occupied by the eight electrons of Pd2+ (d8)
cations, where the dz2 is the highest occupied orbitals (the
3
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electron localization function (ELF) viewed along b-axis, and (d) three dimensional band structure of Pd2Se3.
top of the valence band). Therefore the Pd2Se3 monolayer
is a band insulator, in which the top of the valence band is
mainly composed of dz2 orbital, as seen in Figure 4 (a), and
the bottom of the conduction band is largely from dx2+y2
(see Figure S2).
As the overlap of dz2 orbital with the px and py orbitals
of the nearest anion is negligible, a relatively flat band along
the b-axis is expected. As seen in Figure 4 (a) and (b), the
valence band maximum along the Γ−Y is relatively flat, af-
fording a high density of states (DOS) near the Fermi level.
On the other hand, a proper overlap between Pd2+ dz2 or-
bitals along the a-axis leads to a very dispersive band along
the X − Γ direction, indicating a small band effective mass
and therefore high carrier mobility. This type of band struc-
ture, known as the flat-and-dispersive or “pudding-mold”
type band structure, has been found in high-performance
bulk TE materials16 such as NaxCoO2,
14,15 Bi2PdO4,
12 and
some full Heusler compounds.13,67 This actually coincides
with the idea proposed by Mahan and Sofo66 that “we have
to search for materials where the distribution of energy carri-
ers is as narrow as possible, but with high carrier velocity in
the direction of the applied electric field.”. A highly disper-
sive band (small band effective mass) around the Fermi level
gives rise to a large σ, while a sharp increase in the density
of states owing to the presence of a flat band (large band
effective mass) usually leads to a large S.66 In the case of
the Pd2Se3 monolayers, the calculated effective masses (m
∗)
for holes along the dispersive band is about 0.17 m0 and for
the flat band is 9.14 m0, thus a high S and σ are expected
along the a-axis.
In Figure 5, we plot the calculated electronic transport
coefficients for hole (p-type) and electron (n-type) doped
Pd2Se3 monolayers at varying temperatures. The calculated
PF along the a-axis for both p-type and n-type systems, as-
suming τ = 1 × 10−14 s and T=300 K, are respectively 1.61
and 1.29 mW/mK2. Along the b-axis, while the PF of n-
type is large (0.7 mW/mK2), the p-type is quite small (0.1
mW/mK2). Thus, a large PF anisotropy is established with
a dominant PF along the a-axis in the p-type Pd2Se3 mono-
layers. Using the same electronic relaxation time, the max-
imum PF for MoS2, MoSe2, WSe2, and TiS3 at the same
temperature are ≈ 1.8 mW/mK2 (n-type),68 0.8 mW/mK2
(n-type),28 1.7 mW/mK2 (n-type)28 and 1.8 mW/mK2 (n-
type),43 respectively. The PF of Pd2Se3 monolayers, 1.61
mW/mK2 (p-type) and 1.21 mW/mK2 (n-type), is compa-
rable to these TMCs, while its κL is one to two orders of
magnitudes lower (see Figure 2). Therefore, a larger zT for
the Pd2Se3 monolayers is expected.
In Figure 5 we calculate the zT at the varying relaxation
times within a reasonable range69 from 5 to 55×10−15 s. The
zT of p-type Pd2Se3 monolayers along the a-axis is about
16% larger than the n-type one. Depending on the relax-
ation time the calculated n-type zT values vary between 0.15
to ≈ 1. Along b-axis, a large difference between n- and p-
type zT values is found. Using the same τ , our calculated zT
values are much larger than the previously reported TMCs
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such as TiS3,
43 MoSe2, WSe2,
28 PtSe2.
29 Our calculations
suggest that Pd2Se3 monolayers are promising TE material
in both n-type and p-type applications.
In conclusion, we investigated the electronic structure,
phonon, and electron and phonon transport properties of
the recently synthesized Pd2Se3 monolayers by the means of
first-principles calculations and Boltzmann transport theory.
Our results demonstrate that the Pd2Se3 monolayers possess
a much lower lattice thermal conductivity than other TMC
monolayers, e.g., MoS2, MoSe2, WSe2, Ti2Se3. Detailed
analysis of third-order force constants indicates that the an-
harmonicity and soft phonon modes associated with [Se2]
2−
dimers are responsible for the low lattice thermal conduc-
tivity of Pd2Se3. On the other hand, the “pudding-mold”
type band structure, originating from the square-planar co-
ordinated Pd2+ cation, offers a high power factor. An ex-
tremely low lattice thermal conductivity in conjunction with
a high power factor leads, of course, to the superior TE per-
formance in the Pd2Se3 monolayer. Our results suggest the
Pd2Se3 monolayer is a promising two-dimensional thermo-
electric material with a high zT for both hole and electron
doping.
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